Silicon nanoparticles have been fabricated in both oxide and nitride matrices by using plasma-enhanced chemical vapour deposition, for which a low substrate temperature down to 50
Introduction
Light-emitting devices made of silicon-based materials can be integrated into the existing microelectronic and optoelectronic technologies in a highly economic way; therefore enormous efforts have been devoted to the development of silicon-based structures that promise efficient light emission in the past decade. From the point of view of optoelectronic applications such as full-colour display and optical interconnection, such devices should offer tunable light emission with utilizable efficiency in the whole visible light range or at even shorter wavelengths. Since silicon is an indirect band-gap material, E g = 1.1 eV, this is only possible in those nanostructures of silicon where the carriers are confined and the radiative recombination can be essentially enhanced through some mechanisms yet to be exploited. The first excitement came 3 Author to whom any correspondence should be addressed.
in 1990 with Canham's work on porous silicon [1] , which manifested visible photoluminescence (PL) of fair intensity at room temperature. However, light emission from porous silicon has more academic than practical significance: the fragility of the structure inhibits its potential utilization. Nowadays, the most popular approach is to assemble lowdimensional composite structures, in which distinct silicon nanoparticles are confined in wide-gap silicon compounds such as SiO 2 . Depending on the size and the chemical environment, the band gap of the silicon nanoparticles can become as large as 2-3 eV due to quantum confinement as revealed by some theoretical calculations [2] , and efficient light emission in the visible light range ensues.
Fabrication of isometric, i.e. having equality of measure and evenly dispersed, light-emitting silicon particles is very difficult, requiring control on length scales of the order of a few nanometres. A variety of alternatives have been investigated in which silicon particles either form naturally or 'self-assemble' as a kinetic or thermodynamic response to their environment. One of the very encouraging examples is nanocrystalline (nc-)Si-in-SiO 2 film, from which a quantum external efficiency over 12% for the PL of red light has been measured [3] . However, there are severe technological obstacles to adopting the fabrication of nc-Si with the conventional semiconductor processes. First, nc-Si-in-SiO 2 is generally produced by chemical vapour deposition (CVD) of substoichiometric SiO x layers [4, 5] and SiO x /SiO 2 superlattices [6, 7] , or by implanting silicon ions into SiO 2 films [8] . In all the cases, a post-annealing at above 1100
• C is involved in order to promote the phase separation of silicon particles from the matrix. So high an annealing temperature is prohibitive from a technical point of view as regards the fabrication and the subsequent integration of high-performance devices, since the thermal budget is extremely high and the diffusion of dopants would be intolerably fast. Second, the control of both density and size for the silicon particles is mandatory for getting efficient and tunable light emission. For a nc-Si-in-SiO 2 system that involves high-temperature annealing in the fabrication, light emission of green or blue light has not been well established despite the success in achieving strong red and near-infrared PL. This is largely due to the simultaneous decrease in the particle density when the particle size is reduced through adjusting the chemistry of the precursor films, and small silicon particles have less chance of surviving the diffusion coalescence at high temperature.
To circumvent these technical difficulties for the controlled fabrication of silicon nanostructures, we tried the direct growth of silicon nanoparticles on cold substrates, bearing in mind that some structural characteristics may evolve from non-equilibrium conditions that are unlikely to be reproduced by thermal annealing. In fact, low-temperature deposition has been demonstrated to be very effective for preparing nanoparticles in Si:H and Ge films [9, 10] . With this aim, plasma-enhanced CVD has been employed for the film growth. It has been shown that high-density silicon particles of a few nanometres in dimension could be fabricated in substoichiometric SiO x films deposited at substrate temperatures as low as 50
• C, and strong PL has been observed in the whole visible light range. Moreover, it is demonstrated that the method is equivalently applicable to the fabrication of Si-in-SiN x films, which outperform the oxide counterpart as regards PL at shorter wavelengths.
Experimental details
A series of silicon oxide films about 1.6 µm thick were deposited on Si(100) wafers and quartz in a capacitancecoupled plasma-enhanced CVD set-up using a gas mixture of SiH 4 , N 2 O, and H 2 as a precursor. The total flow rate was fixed at 50 sccm, while the nitrous oxide-to-silane flow rate ratio was adjusted between 0.5 and 4.0. The working pressure was maintained at 1.2×10 2 Pa and the rf power was only 25 W, so the incorporation of nitrogen in the deposits is negligible. A few discrete substrate temperatures T S below 450
• C were chosen for film deposition, among which the lowest that arose uniquely from plasma heating was about 50
• C at the end of growth. The silicon nitride films were fabricated simply by replacing N 2 O with N 2 under otherwise identical conditions. Annealing of the deposits was carried out at 300
• C for 2 min to improve the PL efficiency, whereas it would not provoke considerable concomitant H escape that would be detrimental to the subsequent device processing. The film composition and bonding configuration were investigated by inspecting the Si 2p line excited with Mg Kα radiation using an x-ray photoelectron spectrometer (ESCALAB). The atomic ratio of oxygen (nitrogen) to silicon
in the deposits was determined from the integrated intensity of the O 1s (N 1s) line and that of the Si 2p line. A Tecnai-20 transmission electron microscope (TEM) was employed for the confirmation of there being Si nanoparticles in deposits. The PL spectra were registered on a PTI-710 fluorescence spectrometer at room temperature, where the filtered output near 325 nm from a Xe lamp was utilized for excitation. The PL efficiency was determined as the ratio of the integral PL intensity from the sample to the reflection of excitation light by a non-absorbing diffusive reference.
Results and discussion
Films were examined by XPS immediately after deposition for the determination of the overall composition, denoted by the atomic ratio χ. Also some suggestive information about the phase separation could be obtained by inspecting the Si 2p line profile, which is very sensitive to the chemical environment. Figure 1 presents the Si 2p line profiles for two series of silicon oxide films: one deposited at a different T S with fixed composition χ ≈ 1.50, and the other deposited at 50
• C but with varied composition. In figure 1(a) , the Si 2p line for the film deposited at 450
• C displays only a diffuse, nearly symmetric peak, which can be ascribed to Si-Si n O 4−n (n = 0, 1, 2, 3, 4) tetrahedral units of rather homogeneous distribution. With decreasing substrate temperature the profile becomes asymmetric, and eventually two pronounced peaks evolve below 150
• C. The peak centred at 99.6 eV originates in the elemental silicon while the other peak centred at 103.3 eV can be assigned to SiO 2 . This obviously indicates the precipitation of silicon particles in the deposits. Such films can therefore be denoted as Si-in-SiO x . For the series of films deposited at 50
• C, phase separation has already begun with a χ value of less than 1.78 (see figure 1(b) ). We see that for the phase separation to occur, the substrate temperature is more crucial than the eventual composition of the deposits under the given conditions.
A direct verification of phase separation in the deposits was provided by the bright-field TEM micrographs. For comparison, two images obtained in the films with χ ≈ 1.50 deposited at 250 and 50
• C are presented in figure 2 . The film deposited at 250
• C does not show any sharply contrasted structure, while high-density silicon particles of about 3 nm in average size are clearly identifiable in the film deposited at 50
• C. Moreover, the size of the silicon particles in those films deposited at 50
• C can be readily adjusted by changing the concentration of silicon in the films. The silicon particles grown under the given conditions are exclusively amorphous.
The phase separation in the Si-in-SiO x films grown at low substrate temperature yields a significantly improved PL, in both the intensity range and the spectral range that are covered. Figure 3 shows the PL spectra from the Si-in-SiO x Amorphous silicon nanoparticles in compound films grown on cold substrates for high-efficiency photoluminescence films deposited at 50
• C, with the atomic ratio χ varying between 1.33 and 1.90. With increasing χ, i.e. when less silicon is incorporated into the films, the PL continuously shifts towards the blue light, while the intensity peaks at χ = 1.78 corresponding to an emission centred at 470 nm. This tendency for PL variation can be explained by inspecting the microstructure of the films. When less silicon is incorporated in the deposits, the slow diffusion at low substrate temperature will significantly limit the coalescence of silicon particles: the particles are smaller. Consequently, the PL dictated by the quantum confinement effect will blue-shift. But when the silicon content is less than a critical value, it turns out to be very difficult for the silicon particles to survive the oxidative environment and the particle density will decrease, resulting in a weaker PL intensity. Yet by comparing the profile enclosing the PL spectra of individual samples in this work with that of nanocrystalline samples obtained by annealing at 1100
• C [11] , it can be concluded that the Si-in-SiO x samples prepared with the cold procedure are more promising as regards emitting visible light.
This cold procedure can also be successfully applied in producing silicon nanoparticles in the nitride matrix. The TEM image in figure 4 • C and post-annealed at 300
• C for 2 min (solid curves). The dashed curve is the envelope of these PL spectra. Also shown is the envelope of spectra for nc-Si-in-SiO 2 samples, taken from [11] (triangle). dimension of less than 3.0 nm, and the number density amounts to 3.4 × 10 12 cm −2 . The few large particles of nearly doubled size originate in the particle coagulation under such conditions. In contrast to the situation in oxide film, the relative inertness of nitrogen ions allows for easy survival of small silicon nanoparticles; hence the particle density in the nitride films prepared under comparable conditions is much higher. As a result, PL of green and blue light can be achieved with ease in nitride film and the efficiency is three times larger than that for the oxide films-for instance, at a wavelength of 500 nm (figure 5). By carefully inspecting the TEM micrographs and the PL spectra, we find that silicon nanoparticles of nearly the same size emit at shorter wavelength in the nitride matrix. A quantitative justification for this phenomenon is not available at the present stage.
Generally, growth at low substrate temperature may degrade the film quality by introducing more defects and lead to poor adhesion to the substrate. This, however, can be partially circumvented by using a high flux of H ions in the plasma-enhanced CVD technique. A pre-bombardment of the substrate with energetic H ions for half an hour yielded very sound adhesion for the silicon compound films. We found that annealing at 200
• C can already stabilize the structure of deposits, and thus the subsequent PL. Though an annealing at 500
• C would maximize the PL efficiency for the deposits in this work, an annealing at 300
• C is nevertheless preferable since it nearly saturated the PL efficiency-by an enhancement factor of 5-8, depending on the wavelength of the emission, while preventing the possible H escape. The external quantum efficiency even for the emission at 600 nm amounts to above 1.0%, comparable to that for nc-Si-in-SiO 2 produced by hightemperature annealing.
It is noteworthy that the innate silicon particles in the deposits are exclusively amorphous. The amorphous nature is preserved after the 2 min annealing at 300
• C, and the films yield efficient PL comparable or even superior to that of the nc-Si-in-SiO 2 samples. That is to say, for obtaining a highefficiency PL, crystallinity of the silicon nanoparticles may not be a prerequisite. This fact should be taken into consideration in designing new methods for fabrication of light-emitting silicon devices.
Summary
A cold procedure has been devised for the fabrication of silicon nanoparticles in both oxide and nitride matrices. A postannealing at 300
• C suffices to stabilize the structure of the deposits and to yield high-efficiency PL in the whole visible light range. Noticeably, it is relatively easier in nitride than in oxide to fabricate silicon nanoparticles of smaller size that offer strong green and blue light. The success of this cold procedure in obtaining strong PL opens up the possibility of integrating silicon-based light-emitting devices with the current semiconductor electronic techniques.
